Abstract. Dexmedetomidine, an α 2 -adrenoceptor agonist, is used as a sedative medication for criticalyl ill patients and is known to exert neuroprotective effects by direct action on neurons and indirect action on neurons through astrocytes. Interleukin (IL)-6 plays a key role in neuroinflammation, which accompanies infection, traumatic brain injury, ischemia, neurodegenerative disorders, as both a pro-inflammatory cytokine and an anti-inflammatory cytokine. Dexmedetomidine suppresses immune function. However, the effects of dexmedetomidine on cytokine synthesis in the central nervous system (CNS) remain elusive. We previously reported that IL-1β stimulates IL-6 synthesis in the rat C6 glioma cell line through the phosphorylation of p38 mitogen-activated protein (MAP) kinase, stress-activated protein kinase (SAPK)/c-Jun N-terminal kinase (JNK) and IκB. In the present study, we investigated the effects of dexmedetomidine on the IL-1β-induced IL-6 synthesis in C6 cells. Dexmedetomidine inhibited the IL-1β-stimulated IL-6 release and mRNA expression in C6 cells. 8-Bromo-adenosine-3' ,5'-cyclic monophosphate, but not 8-bromo-guanosine 3',5'-cyclic monophosphate, significantly enhanced the IL-1β-induced IL-6 release and mRNA expression. However, dexmedetomidine failed to affect cAMP accumulation in the cells treated with IL-1β or forskolin, an activator of adenylyl cyclase. Yohimbine, an α 2 -adrenoceptor antagonist, did not reverse the suppressive effects of dexmedetomidine on the IL-1β-induced IL-6 release. Dexmedetomidine did not affect the IL-1β-induced phosphorylation of p38 MAP kinase, SAPK/JNK, IκB, nuclear factor (NF)-κB or c-Jun. Our findings strongly suggest that dexmedetomidine inhibits the IL-1β-induced IL-6 synthesis independently of the adenylyl cyclase-cAMP pathway through α 2 -adrenoceptors in C6 glioma cells. It is possible that dexmedetomidine may affect the immune system in the CNS by regulating the production of IL-6.
Introduction
Dexmedetomidine, which is known as a potent α 2 -adrenoceptor agonist, induces analgesia, anxiolysis, sedation and sympatholysis (1) . The neuroprotective effects of dexmedetomidine have been shown in transient cerebral ischemia models (1, 2) . Dexmedetomidine directly affects neurons and exerts protective effects through the attenuation of catecholamine and glutamate levels or the prevention of neuronal apoptosis (1) (2) (3) . Astrocytes regulate neurons by releasing neurotransmitters and other extracellular signaling molecules and exert neuroprotective effects through the uptake of synaptic glutamate and the production of glutathione (4) . Dexmedetomidine also affects astrocytes (1, 2) . Dexmedetomidine protects neurons by increasing glutamate uptake by astrocytes in hippocampal slices exposed to hypoxia (5) , promoting the release of glial cell line-derived neurotrophic factor (GDNF) from rat cultured astrocytes following oxygen-glucose deprivation (6) , and upregulating the release of hypoxia-inducible factor (HIF)-1α and vascular endothelial growth factor (VEGF) from rat C6 glioma cells following oxygen-glucose deprivation (7) . However, the effects of dexmedetomidine and the exact mechanisms involving astrocytes have not yet been fully elucidated.
In the central nervous system (CNS) of healthy individuals, interleukin (IL)-1β, a pro-inflammatory cytokine, is expressed at low levels (8) . IL-1 plays an important role in some physiological functions, including sleep and synaptic plasticity (8) . The levels of IL-1β are increased in cerebrospinal fluid in patients following traumatic brain injury, stroke and neurodegenerative diseases (8, 9) . The main source of brain IL-1β is microglia following acute insults (8, 9) . Astrocytes also produce IL-1β at a later stage than microglia (8, 9) . IL-1β induces the production of other cytokines, such as tumor necrosis factor (TNF)-α and IL-6, from microglia and astrocytes (8) . Cytokines have been implicated not only in neuroinflammation, but also in astrogliosis, brain ischemia and chronic diseases of the CNS (8, 10) . Dexmedetomidine suppresses systemic immune function similar to other sedative medications (11) . Dexmedetomidine decreases transient global cerebral ischemia-induced neuronal apoptosis and plasma TNF-α levels (12) , suppresses plasma IL-6 levels in septic rats (13) , decreases serum IL-6 levels compared with propofol administration in post-operative patients (14) and decreases serum TNF-α, IL-1β or IL-6 levels compared with midazolam administration in patients with sepsis (15) . C6 cells, a rat glioma cell line, have frequently been used for the investigation of the mechanisms of IL-6 production or release (16) (17) (18) . We previously reported that midazolam, a sedative agent used in intensive care units, inhibits the IL-1β-induced IL-6 release from C6 cells (17) . However, the effects of dexmedetomidine on cytokine synthesis in brain cells have not yet been fully elucidated. In the present study, we investigated the effects and mechanism of action of dexmedetomidine on the IL-1β-induced release of IL-6 from glial cells.
Materials and methods
Materials. Dexmedetomidine was kindly provided by Orion Pharma (Turku, Finland). 8-Bromo-adenosine-3',5'-cyclic monophosphate (8-bromo-cAMP), forskolin or 12-O-tetradecanoylphorbol-13-acetate (TPA) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). 8-Bromoguanosine 3',5'-cyclic monophosphate (8-bromo-cGMP) was purchased from Calbiochem-Novabiochem Co. (La Jolla, CA, USA). Yohimbine hydrochloride (yohimbine) was purchased from Wako Pure Chemical Industries (Osaka, Japan). IL-6 enzyme-linked immunosorbent assay (ELISA) kit and IL-1β were obtained from R&D Systems (Minneapolis, MN, USA). The cAMP ELISA kit was purchased from Enzo Life Sciences Inc. (Farmingdale, NY, USA). α 2A -adrenoceptor antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Phospho-specific p38 mitogen-activated protein (MAP) kinase, p38 MAP kinase, phospho-specific stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/ JNK), SAPK/JNK, phospho-c-Jun, c-Jun, phospho-specific IκB, IκB, phospho-nuclear factor (NF)-κB (serine 536) or NF-κB antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). An enhanced chemiluminescence western blotting detection system was obtained from GE Healthcare Ltd. (Buckinghamshire, UK). Other materials and chemicals were obtained from commercial sources. Forskolin, TPA and yohimbine were dissolved in dimethyl sulfoxide (DMSO), and others were dissolved in assay buffer (5 mM HEPES, pH7.4, 150 mM NaCl, 5 mM KCl, 5.5 mM glucose, 0.8 mM MgSO 4 , 1 mM CaCl 2 , containing 0.01% albumin) as the vehicle. The maximum concentration of DMSO was 0.1%, which did not affect the assay for IL-6 or cAMP.
Cell culture. Rat C6 glioma cells, obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA), were seeded into 35-mm (5x10 4 cells/dish) or 90-mm (2x10 5 cells/ dish) diameter dishes and maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) at 37˚C in a humidified atmosphere of 5% CO 2 /95% air. The medium was exchanged for serum-free DMEM after 6 days. The cells were then used for the experiments after 24 h. The cells were pre-treated with dexmedetomidine, forskolin, 8-brom-cAMP, 8-bromo-cGMP, TPA or yohimbine for 60 min where indicated.
Assay for IL-6. Cultured cells (35-mm diameter dishes) were stimulated with 10 ng/ml IL-1β in serum-free DMEM for 36 h. The conditioned medium was collected at the end of the incubation period and the IL-6 concentration was measured using an ELISA kit. The absorbance of each sample at 450 and 540 nm, respectively, was measured with a Multiscan JX ELISA reader (Thermo Labsystems, Helsinki, Finland). Absorbance was corrected with reference to a standard curve.
Assay for cAMP. Cultured cells (35-mm diameter dishes) were pre-incubated with 0.5 mM 3-isobutyl-1-methylxanthine, a cyclic nucleotide phosphodiesterase inhibitor, for 20 min for the inhibition of cAMP decomposition, and then stimulated with 10 ng/ml IL-1β or 10 µM forskolin for 20 min. The reaction was terminated by aspiration of the assay buffer. Intracellular cAMP was extracted with 0.1 M HCl. The extracted cAMP was measured using an ELISA kit. The absorbance of each sample at 405 nm was measured using a Multiscan JX ELISA reader. Absorbance was corrected with reference to a standard curve.
Real-time reverse transcription (RT)-polymerase chain reaction (PCR).
Cultured cells (35-mm diameter dishes) were stimulated with 10 ng/ml IL-1β for 6 h. Total RNA was isolated and transcribed into cDNA using TRIzol reagent and the Omniscript Reverse Transcriptase kit (QIAGEN, Hilden, Germany). Real-time RT-PCR was performed using a LightCycler system (Roche Diagnostics, Basel, Switzerland) in capillaries and FastStart DNA Master SYBR-Green I provided with the kit. Sense and antisense primers for mouse IL-6 mRNA or rat GAPDH mRNA were purchased from Takara Bio Inc. (Tokyo, Japan) (primer set ID: MA039013 or RA015380, respectively). The amplified products were determined by melting curve analysis and agarose electrophoresis. The IL-6 mRNA levels were normalized to those of GAPDH mRNA.
Western blot analysis. Cultured cells (90-mm diameter dishes)
were stimulated with 10 ng/ml IL-1β in serum-free DMEM for the indicated periods of time. The cells were washed twice with phosphate-buffered saline and then lysed and sonicated in a lysis buffer containing 62.5 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS), 50 mM dithiothreitol and 10% glycerol. The sample was used for the analysis by western blotting as previously described (17) . SDS-polyacrylamide gel electrophoresis (PAGE) was performed according to the method of Laemmli (19) in 10% polyacrylamide gels. Western blot analysis was performed using antibodies against α 2A -adrenoceptor, phospho-specific p38 MAP kinase, p38 MAP kinase, phospho-specific SAPK/JNK, SAPK/JNK, phospho-c-Jun, c-Jun, phospho-specific IκB, IκB, phospho-NF-κB or NF-κB with peroxidase-labeled antibodies raised in goat against rabbit IgG being used as secondary antibodies. The peroxidase activity on polyvinylidene difluoride membranes was visualized on X-ray film by means of an enhanced chemiluminescence western blotting detection system.
Statistical analysis. The data were analyzed by ANOVA followed by Bonferroni's method for multiple comparisons between pairs. A value of P<0.05 was considered to indicate a statistically significant difference. All data are presented as the means ± SD of triplicate determinations. Each experiment was repeated 3 times with similar results.
Results

Effects of dexmedetomidine on the IL-1β-induced IL-6 release and IL-6 mRNA expression in C6 cells. It has been
reported that there are α 2A -adrenoceptors, but not α 2B -and α 2C -adrenoceptors, in C6 glioma cells (20) . We confirmed the expression of α 2A -adrenoceptors in these cells (Fig. 1 ). Subsequently, we investigated effects of dexmedetomidine on the IL-1β-induced release of IL-6. It has been reported that IL-1β induces IL-6 mRNA expression and IL-6 release from C6 glioma cells (16) . Dexmedetomidine, which on its own had little effect on the IL-6 levels, significantly suppressed the IL-1β-induced IL-6 release. The inhibitory effects of dexmedtomidine were concentration-dependent between 1 and 100 µM ( Fig. 2A) . Dexmedetomidine (100 µM) suppressed the effects of IL-1β by approximately 40%. The viability of the cells treated with 100 µM dexmedetomidine and 10 ng/ml IL-1β for 36 h was >97% compared to the cells without treatment, as shown by trypan blue staining (data not shown). Moreover, dexmedetomidine (30 µM) markedly suppressed the IL-1β-induced IL-6 mRNA expression, and caused approximately a 50% inhibition of the effect of IL-1β (Fig. 2B) .
Effects of 8-bromo-cAMP on the IL-1β-induced IL-6 release and IL-6 mRNA expression in C6 cells.
Dexmedetomidine inhibits the adenylyl cyclase activity through the pertussis toxinsensitive GTP-binding protein (G i/o ) coupling with its receptors, α 2 -adrenoceptors (1, 21) . Adenylyl cyclase produces cAMP from adenosine triphosphate (ATP) (1, 21) . We investigated whether the activation of the adenylyl cyclase-cAMP pathway is involved in the IL-1β-induced release of IL-6 from C6 cells. IL-1β on its own did not affect the accumulation of cAMP in the C6 cells (Table I) . It has been reported that forskolin, a direct activator of adenylyl cyclase, or dibutyryl cAMP, a permeable analogue of cAMP, significantly enhances the IL-1β-induced release of IL-6 from C6 cells (18) . We found that 8-bromo-cAMP, another plasma membrane-permeable cAMP analogue, which alone slightly increased the release of IL-6, significantly enhanced the IL-1β-induced release of IL-6 (Fig. 3A) . The amplifying effects of 8-bromo cAMP were concentration-dependent between 0.1 and 2 mM (Fig. 3A) . 8-Bromo cAMP (1 mM) markedly enhanced the IL-1β-induced IL-6 mRNA expression (Fig. 3B) . In addition, α 2 -adrenoceptor agonists have been shown to decrease cerebellar cGMP levels (18) . We investigated whether cGMP affects the IL-1β-induced IL-6 release from C6 cells. However, 8-bromo-cGMP failed to affect the IL-1β-induced release of IL-6 at up to 2 mM (Fig. 3A) .
Effect of dexmedetomidine on the forskolin-induced cAMP accumulation in C6 cells. We then investigated the association between dexmedetomidine and the adenylyl cyclase-cAMP pathway in the IL-1β-stimulated IL-6 synthesis in C6 cells. Dexmedetomidine (50 µM) had little effect on cAMP accumulation regardless of the presence of IL-1β (Table I) . Additionally, we confirmed that forskolin increased cAMP accumulation in the C6 cells (Table II) . However, dexmedetomidine (50 µM)
did not affect the forskolin-induced cAMP accumulation (Table II) . Therefore, it seems likely that the suppression of the IL-1β-stimulated IL-6 release by dexmedetomidine is not due to the suppression of the adenylyl cyclase-cAMP pathway.
Effect of yohimbine on the suppression of IL-1β-induced IL-6
release from C6 cells by dexmedetomidine. Subsequently, we investigated whether the suppressive effects of dexmedetomidine are mediated through α 2 -adrenoceptors. Yohimbine (10 µM), an α 2 -adrenoceptor antagonist, did not reverse the suppressive effects of dexmedetomidine on the IL-1β-induced IL-6 release (Fig. 4) . Therefore, it seems unlikely that dexmedetomidine suppresses the IL-1β-induced release of IL-6 through α 2 -adrenoceptors.
Effect of TPA on the IL-1β-induced IL-6 release from C6
cells. It has been reported that α 2 -adrenoceptor agonists also bind to imidazoline receptors, which activate phospholipase C and protein kinase C (1,2,22). Finally, we investigated the association between the activation of protein kinase C and the IL-1β-induced release of IL-6 from C6 cells. TPA, a specific protein kinase C activator (23), significantly enhanced the release of IL-6 and markedly enhanced the IL-1β-induced release of IL-6 (Fig. 5) .
Effects of dexmedetomidine on the IL-1β-induced phosphorylation of p38 MAP kinase, SAPK/JNK, c-Jun, IκB and NF-κB or the levels of IκB in C6 cells.
We have previously reported that IL-1β stimulates IL-6 synthesis through p38 MAP kinase, SAPK/JNK or the IκB/NF-κB pathway in C6 cells (17) . In order to elucidate the mechanisms through which dexmedetomidine alters IL-1β intracellular signaling, we examined the effects of dexmedetomidine on the IL-1β-induced phosphorylation of p38 MAP kinase, SAPK/JNK, c-Jun, IκB and NF-κB or the IκB levels. Dexmedetomidine (100 µM) did not affect the IL-1β-induced phosphorylation of p38 MAP kinase, SAPK/JNK, c-Jun, IκB or NF-κB (Figs. 6 and 7) . In addition, dexmedetomidine failed to affect the levels of IκB (Fig. 7) . 
Discussion
In this study, we first confirmed the expression of α 2A -adrenoceptors in C6 cells. Thereafter, we showed that dexmedetomidine significantly suppressed the IL-1β-induced IL-6 synthesis in C6 glioma cells. Dexmedetomidine, a specific agonist of α 2 -adrenoceptor, binds to α 2 -adrenoceptors, [all 3 subtype receptors (α 2A/D , α 2B and α 2C )], which are coupled to pertussis toxin-sensitive G i/o protein (2,21). Pertussis toxinsensitive G i/o protein suppresses adenylyl cyclase activity, which produces cAMP from ATP (2) . In the present study, IL-1β by itself did not increase cAMP accumulation in C6 cells. It has been reported that the activation of adenylyl cyclase-cAMP pathway enhances the IL-1β-induced IL-6 release from C6 cells (18) . We found that 8-bromo-cAMP enhanced the IL-1β-induced IL-6 mRNA levels and release in these cells, whereas 8-bromo-cGMP did not affect the IL-6 release. Based on these findings, it is possible that the adenylyl cyclase-cAMP pathway, but not the guanylyl cyclasecGMP system, enhances the IL-1β-induced IL-6 release and its mRNA expression in C6 cells. Therefore, we investigated whether the adenylyl cyclase-cAMP system is involved in suppressive effect of dexmedetomidine on IL-6 synthesis in C6 cells. We showed that dexmedetomidine had little effect on the cAMP levels in the presence or absence of IL-1β. Forskolin is known as a direct activator of adenylyl cyclase (24) and increases cAMP accumulation in C6 cells (25) . It is well known that α 2 -adrenoceptor agonists suppress adenylyl cyclase activity (1,2,21) . However, we found that dexmedetomidine failed to affect the accumulation of cAMP in the cells treated with IL-1β or forskolin. Yohimbine, an α 2 -adrenoceptor antagonist, did not reverse the suppressive effects of dexmedetomidne. It seems unlikely that dexmedetomidine suppresses the IL-1β-induced release of IL-6 through α 2 -adrenoceptors. In addition to α 2 -adrenoceptors, dexmedetomidine contains an imidazol ring, which can bind imidazoline receptors (1, 2) . Imidazoline receptors are coupled to the activation of phospholipase C and protein kinase C (22) . However, we found that TPA, a direct activator of protein kinase C (23), markedly enhanced the IL-1β-induced relesae of IL-6 and that bisindolylmaleimide I, a protein kinase C inhibitor, did not reverse the suppression of IL-6 release by dexmedetomidine in C6 cells (data not shown). Based on our findings, it seems unlikely that dexmedetomidine suppresses the IL-1β-induced IL-6 release through α 2 -adrenoceptors, imidazoline receptors or the cGMP pathway in C6 glioma cells. We previously reported that IL-1β stimulates IL-6 synthesis through p38 MAP kinase signaling, SAPK/JNK signaling and IκB/NF-κB signaling in C6 cells (17) . SAPK/JNK activates the transcription factor, c-Jun, by phosphorylation (26) . The heterodimer complex of c-Jun and c-Fos is known as activator protein-1 (AP-1) (26) . On the other hand, IκB is phosphorylated and degradated, and subsequently, NF-κB is freed from IκB and translocates to the nucleus (26) . Transcription factors, such as AP-1 and NF-κB, bind to DNA-regulatory sequences to modulate the rate of gene transcription (26) . In the present study, dexmedetomidine did not affect the IL-1β-induced phosphorylation of p38 MAP kinase, SAPK/JNK, IκB, NF-κB and c-Jun or the IκB level. Based on our findings, it seems unlikely that dexmedetomidine suppresses the IL-1β-induced release of IL-6 at the point between IL-1β receptors and transcription factors in C6 cells. Further studies are required to clarify the exact mechanisms underlying the inhibitory effects of dexmedetomidine on IL-6 synthesis.
In a previous study, the blood peak concentration of dexmedetomidine in human subjects after the initiation of 3-6 µg/kg/h intravenous infusion was approximately 4-6 ng/ml (27) . The neuroprotective effects of dexmedetomidine against transient focal cerebral ischemia have also been observed at 4 ng/ml (0.02 µM) in rabbits (1, 3) . In the present study, the suppressive effects of dexmedetomidine on IL-6 expression were observed at the dose of 3 µM, which is higher than the concentration used in clinical practice. However, in a number of studies using cultured astocytes, dexmedetomidine has exerted its effects at higher concentrations than those used in clinical practice. For example, dexmedetomidine has been shown to induce the biphasic increase in the accumulation of glutamine (second peak is observed over 25 µM) in mouse astrocytes (28) , the intracellular calcium concentration (second peak is observed over 1 µM) in mouse astrocytes (29) , and to inhibit oxygenglucose deprivation-induced apoptosis at a dose of >1 µM in C6 cells (7) . Therefore, it is possible that the differences observed in the effective concentration between clinical and in vitro studies are due to the differences in the experimental conditions between in vivo and in vitro experiments.
Astrocytes are considered to be the main source of IL-6 in the CNS (10) . IL-6 is involved in multiple physiological CNS functions, such as neuron homeostasis, astrogliosis and neuronal differentiation (10) . IL-6 has also been implicated in both acute and chronic diseases of the CNS, including infection, traumatic brain injury, ischemia, multiple sclerosis, Alzheimer's disease and Parkinson's disease (10) . IL-6 plays a key role in neuroinflammation, which accompanies those disorders, as both a pro-inflammatory cytokine and an antiinflammatory cytokine (10) . As a pro-inflammatory cytokine, IL-6 induces astrogliosis, which is characterized by hypertrophy and the hyperplasia of astrocytes, and produces other inflammatory mediators, such as prostaglandins, cytokines, chemokines and acute phase proteins (10) . On the other hand, as an anti-inflammatory cytokine, IL-6 affects neuronal survival, proliferation, differentiation and regeneration (10) . It is possible that IL-6 may be a valid therapeutic target for the treatment of disorders of the CNS (10, 30) .
Some sedative agents used in critical care have anti-inflammatory properties (11) . α 2 -adrenoceptor agonists interact with the immune system in a complex manner. Dexmedetomidine also suppresses immune function, but improves outcome, including mortality (11, 14, 15) . It has been reported that dexmedetomidine improves the early survival rate and suppresses plasma IL-6 levels in septic rats and that patients administered with dexmedetomodine show a decrease in serum IL-6 levels compared with midazolam or propofol administration (13) (14) (15) . There are some reports that dexmedetomidine does not affect plasma IL-6 levels in patients undergoing laparoscopic cholecystectomy or spine surgery (31, 32) . However, the effects of dexmedetomidine on cytokine synthesis, including IL-6 in the brain have not yet been fully elucidated. We previously reported that midazolam, but not propofol, inhibits the IL-1β-induced IL-6 synthesis in C6 cells (17) . The suppressive effects of midazolam were greater than those of dexmedetomidine, which were observed in the present study. Midazolam, propofol or dexmedetomidine may have different effects on the CNS in patients with elevated IL-6 levels.
Although astrocytes play important roles in the CNS (4), the effects of dexmedetomidine on astrocytes remain to be clarified (1) . Astrocytes are known to protect neurons though the uptake of glutamine and the conversion to glutamate, both neurotoxicants (4). It has been reported that dexmedetomidine increases the uptake of glutamine in rat hippocampal slices or cultured mouse astrocytes (5, 28) . Astrocytes protect neurons by the release of neurotrophic factors against brain ischemia, brain injury and neurodegenerative diseases (33) . It has been shown that dexmedetomidine stimulates GDNF, one of the neurotrophic factors, released from rat primary cultured astrocytes through α 2A -adrenoceptor and the stimulation of GDNF by dexmedetomidine decreases neuronal cell death induced by oxygen-glucose deprivation (6) . In C6 cells, it has been reported that dexmedetomidine inhibits the decrease in cell viability induced by HIF-1α and VEGF expression under conditions of oxygen-glucose deprivation (7) . Taken together with our results, it is possible that astrocytes may be an important target of dexmedetomidine. However, the effects of dexmedetomidine on the CNS and the exact mechanisms involved are not yet fully understood. Further investigations into the effects of dexmedetomidine on astrocytes are required.
In conclusion, our findings strongly suggest that dexmedetomidine inhibits the IL-1β-induced IL-6 synthesis independently of the adenylyl cyclase-cAMP pathway through α 2 -adrenoceptors in C6 glioma cells. It is possible that dexme-detomidine may affect the immune system in the CNS by regulating the production of IL-6.
